To study the role of L-type voltage-gated Ca ++ channels in oligodendrocyte development, we used a mouse model of Timothy syndrome (TS) in which a gain-of-function mutation in the α1 subunit of the L-type Ca ++ channel Cav1.2 gives rise to an autism spectrum disorder (ASD 
Abstract
To study the role of L-type voltage-gated Ca ++ channels in oligodendrocyte development, we used a mouse model of Timothy syndrome (TS) in which a gain-of-function mutation in the α1
subunit of the L-type Ca ++ channel Cav1.2 gives rise to an autism spectrum disorder (ASD). Oligodendrocyte progenitor cells (OPCs) isolated from the cortex of TS mice showed greater Ltype Ca ++ influx and displayed characteristics suggestive of advanced maturation compared to control OPCs, including a more complex morphology and higher levels of myelin protein expression. Consistent with this, expression of Cav1.2 channels bearing the TS mutation in wild-type
OPCs triggered process formation and promoted oligodendrocyte-neuron interaction via the activation of Ca ++ /calmodulin-dependent protein kinase II. To ascertain whether accelerated OPC maturation correlated with functional enhancements, we examined myelination in the TS brain at different postnatal time points. The expression of myelin proteins was significantly higher in the corpus callosum, cortex and striatum of TS animals, and immunohistochemical analysis for oligodendrocyte stage-specific markers revealed an increase in the density of myelinating oligodendrocytes in several areas of the TS brain. Along the same line, electron microscopy studies in the corpus callosum of TS animals showed significant increases both in the percentage of myelinated axons and in the thickness of myelin sheaths. In summary, these data indicate that OPC development and oligodendrocyte myelination is enhanced in the brain of TS mice, and suggest that this mouse model of a syndromic ASD is a useful tool to explore the role of L-type Ca ++ channels in myelination. promoting Ca ++ entry to drive synaptic plasticity (Morgan & Teylerer, 1999) , as well as local translation (Lenz & Avruchch, 2005) and global transcription (West, Griffith, & Greenberg, 2002) . We have recently identified novel functions of L-type Ca ++ channels as modulators of intracellular Ca ++ levels in oligodendrocyte progenitor cells (OPCs) that are crucial for their normal development (Paez et al., 2007 (Paez et al., , 2009a (Paez et al., , 2009b Paez, Fulton, Spreur, Handley, & Campagnoni, 2010) .
For instance, OPCs lacking the pore-forming subunit of the L-type Ca ++ channel Cav1.2 are less able to form contacts with neurons, and to differentiate into oligodendrocytes in vitro (Cheli, Santiago González, Spreuer, & Paez, 2015a) . Consistent with this, we found a significant hypomyelination in the brains of Cav1.2 conditional knockout mice in which Cav1.2 deletion was induced in OPCs during the first two postnatal weeks Timothy syndrome (TS) is a rare autosomal dominant disorder characterized by physical malformations, as well as neurological and developmental defects, including long QT, arrhythmias and structural abnormalities in the heart, as well as autism spectrum disorders (ASD).
There are two recognized types of TS, the milder TS1 and the more severe TS2. Both variants arise from missense mutations in alternatively spliced exons that cause the same glycine-to-arginine mutation in the gene encoding the pore-forming subunit of the L-type Ca ++ channel, Cav1.2 (Splawski et al., 2004) . In a mouse model of TS2, this gain-of function mutation alters voltage-dependent channel inactivation and results in behavioral phenotypes reminiscent of ASD symptoms (Bader et al., 2011) . The TS2 mutation in these mice causes death at high levels of expression, but leaves basic functioning mostly unaffected at lower levels (Bader et al., 2011) . No homozygous TS2 mice survived, but heterozygous TS2 mice (with the mutation and the neocassette in situ) had a normal appearance and survived to reproductive age. Gross brain anatomy was not markedly different in TS2 mice compared to control littermates, and no missing structures were noted (Bett et al., 2012) . Thus, the TS2 mouse provide an important tool to understand the role of L-type Ca ++ channels activity in both TS and myelination.
In this study, we used the TS2 mouse to study the effects of the mutation that causes TS on oligodendrocyte development in vitro and in vivo. 
| Primary cultures of cortical OPCs
Primary cultures of cortical OPCs were prepared as described by Amur-Umarjee, Phan, and Campagnoni (1993) . First, cerebral hemispheres from 1 day old mice were mechanically dissociated and were plated on poly-D-lysine-coated flasks in DMEM/F12 (1:1 v/v) (Invitrogen), supplemented with 10% fetal bovine serum (FBS) (Life Technologies). After 4 h, the medium was changed and the cells were grown in DMEM/F12 supplemented with insulin (5 μg/mL), apotransferrin (50 μg/mL), sodium selenite (30 nM), D-biotin (10 mM) and 10% FBS. 2/3 of the culture media was changed every 3 days.
After 14 days, OPCs were purified from the mixed glial culture by the differential shaking and adhesion procedure of Suzumura, Bhat, Eccleston, Lisak, and Silberberg (1984) and allowed to grow on poly-D-lysine-coated coverslips in DMEM/F12 supplemented with insulin (5 μg/mL), apo-transferrin (50 μg/mL), sodium selenite (30 nM), 0.1% BSA, progesterone (0.06 ng/mL), putrescine (16 μg/mL) (Sigma) and 1% FBS. OPCs were kept in mitogens, PDGF (20 ng/mL), and bFGF (20 ng/mL) (Peprotech), for 2 days and then induced to exit from the cell cycle and differentiate by mitogen withdrawal and T3 (15 nM) addition.
| OPC transfection
Construction of the wild-type-and TS2-Cav1.2 mutant plasmids has been previously described (Krey et al., 2013) . One day after plating, OPCs were transfected using Lipofectamine 2000 (Life Technologies).
Briefly, 1 μg of plasmid DNA was used to transfect 4 × 10 4 cells/coverslip. While the DNA was complexing, the cells were washed for 5 min with serum free DMEM/F12. The complexed DNA mixture was then applied to the coverslips and incubated for 6 h. The cells were washed with serum free DMEM/F12 and subsequently incubated in DMEM/F12 supplemented with insulin (5 μg/mL), apo-transferrin (50 μg/mL), sodium selenite (30 nM), 0.1% BSA, progesterone (0.06 ng/mL), putrescine (16 μg/mL) (Sigma), and 1% FBS. OPCs were kept in mitogens, PDGF (20 ng/mL) and bFGF (20 ng/mL) (Peprotech) for 2 days and then induced to mature by mitogen withdrawal and T3
(15 nM) addition for another 2 days.
| Co-culture of cortical neurons and OPCs
Cortical neurons were prepared from the brains of 1-to 2-day-old mouse pups using established procedures (Echeverria, Greenberg, & Dore, 2005) with minor modifications. Briefly, brains were removed aseptically and placed into DMEM/F12. After the brains were dissected, the blood vessels and meninges were removed under a dissecting microscope. Brain cortices were isolated and dissociated by digestion with a solution of 0.05% trypsin (Sigma) containing DNaseI 
| Calcium imaging
Methods were similar to those described previously (Paez et al., 2007) . Briefly, primary cultures of cortical OPCs were incubated for 25 min in serum and phenol red-free DMEM containing a final concentration of 4 μM fura-2 (AM) (Life Technologies) plus 0.08% Pluronic F127 (Life Technologies). Cells were then washed four times in DMEM and stored in DMEM for 10 min before being imaged. Calcium 
| Time-lapse imaging
Two days after transfection with wild-type-and TS2-Cav1.2 plasmids, OPCs were cultured in DMEM/F12 supplemented with insulin (5 μg/mL), apo-transferrin (50 μg/mL), sodium selenite (30 nM 
| Western blot
Total proteins were collected from the mouse corpus callosum and cerebellum. The final protein pellet was homogenized in lysis buffer containing 50 mM Tris-HCl, 0.25% (w/v) sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1% (w/v) Triton X-100, 0.1% (w/v) SDS, 1 mM sodium vanadate, 1 mM AEBSF, 10 μg/mL aprotinin, 10 μg/mL leupeptin, 10 μg/mL pepstatin and 4 μM sodium fluoride. Western blots were performed as previously described .
Twenty-five micrograms of total proteins were loaded on to a 4-12%
Tris-glycine gel (Life Technologies). Protein bands were detected by chemiluminescence using the Amersham ECL kit (GE Healthcare) with horseradish peroxidase-conjugated secondary antibodies (GE Healthcare) and scanned with a C-Digit Bot Scanner (LI-COR). Relative intensities of the protein bands were quantified using the Image Studio™ Software (LI-COR). Data represent pooled results from at least four brains per experimental group. The primary antibodies used for Western blots were against: CNP (1:1000; Millipore), GAPDH (1: 10,000; Genetex), MBP (1:1000; Covance) and MOG (1:1000; Millipore).
| Immunohistochemistry
All animals were anesthetized with isoflurane and then perfused with were used and quantification was performed blind to the genotype of the sample.
| Electron microscopy
Mice were perfused with 3% paraformaldehyde and 1% glutaraldehyde for resin embedding. A block of approximately 1 × 1 × 2 mm 3 was removed from the body of the corpus callosum at the level of the anterior-dorsal hippocampus. Semi thin sections were stained with 1% toluidine blue (Sigma-Aldrich), and examined by light microscopy.
Detailed evaluation of myelin integrity in the corpus callosum was performed on uranyl acetate and lead citrate stained thin sections using a FEI Tecnai™ F20 transmission electron microscope. Extent of myelination was quantitatively compared by determining g-ratios,
which were calculated by dividing the diameter of the axon by the diameter of the entire myelinated fiber as previously described . Furthermore, the percentage of myelinated axons from the total number of axons was calculated. At least five animals per experimental group and 300 fibers per animal were analyzed using the MetaMorph software (Molecular Devices).
| Statistical analysis
All data set were tested for normal distribution using KolmogorovSmirnov tests. Single between-group comparisons were made by the unpaired Student's t test, using a confidence interval of 95%. Multiple comparisons were investigated by one-way ANOVA followed by Bonferroni's test to detect pair-wise between-group differences. All statistical tests were performed in Graphpad Prism (Graphpad Software). A fixed value of p < .05 for one tailed tests was the criterion for reliable differences between groups. Data are presented as mean ± SEM.
3 | RESULTS
| TS2 OPCs exhibit increased intracellular Ca

++ elevations upon plasma membrane depolarization
To begin to explore a role for L-type channels in OPC development in vitro, we first examined the expression of these channels in cortical
OPCs. OPCs were obtained from the cortex of P1 TS2 mice and were kept under proliferative conditions in the presence of PDGF and bFGF. After 2 days in vitro, the activity of L-type voltage-gated Ca ++ channels was examined in control and TS2 OPCs using fura-2 ratiometric Ca ++ imaging experiments. Elevated external potassium (K   +   ) was used as a depolarization agent (Cheli et al., 2015a; Paez et al., 2007 Paez et al., , 2009a Paez et al., , 2009b Paez et al., , 2010 (Figure 1a) . In control cells, bath application of a solution containing high K + caused an average Ca ++ increase of 144% (Figure 1b) . In contrast, in TS2 OPCs, the Ca ++ transient induced by high K + was significantly higher (221%) (Figure 1b and NG2 was concomitantly reduced, suggesting an accelerated maturation in TS2 OPCs (Figure 2a,b) . Additionally, we used the mitotic marker Ki67 and the apoptotic indicator caspase-3 in combination with the oligodendrocyte marker Olig2 to study oligodendrocyte proliferation and cell death (Figure 2c ). We found that TS2 OPCs did not proliferate or undergo apoptosis at levels above that of control OPCs in vitro, as the percentage of Olig2/Ki67 and Olig2/caspase-3 did not significantly differ from controls ( Figure 2c ). Furthermore, TS2 cells showed a more complex morphology with longer primary and secondary processes and larger MBP positive sheets than control cells (Figure 2d-f ) .
In summary, these data indicate that TS2 OPCs mature faster than control cells in vitro, and that the expression of the TS2 L-type channel is not affecting the survival and/or proliferation of TS2 OPCs.
| Enhanced development of OPCs expressing Cav1.2 channels with the TS2 mutation
To further investigate the effects of the mutation that causes Timothy syndrome on OPC development, we introduced plasmids encoding wild-type Cav1.2 channels (WT-Cav1.2) or Cav1.2 channels with the mutation (G406R) that causes TS2 (TS2-Cav1.2) together with YFP (Figure 3c ). Since both L-type Ca ++ channels contain a T1036Y mutation, which renders the channels resistant to dihydropyridines, Ca ++ imaging experiments were also performed in the presence of nifedipine to block endogenous Cav1.2 channels. In Figure 3c , the response to depolarization in the presence or in the absence of nifedipine is shown for all the experimental conditions.
While the response of control cells to depolarization was almost entirely blocked by nifedipine, Ca ++ influx mediated by WT or TSCav1.2 exogenously-expressed channels was not affected (Figure 3c ).
To determine whether the expression of TS2-Cav1.2 channels affects OPC maturation, we performed immunocytochemical analysis for oligodendrocyte stage-specific markers. As shown in Figure 4a Thus, these results demonstrate that TS2 channels stimulate OPC process extension by Ca ++ influx and that the activation of Ca ++ /calmodulin-dependent protein kinase II is necessary for this effect.
We next used a coculture system of OPCs with cortical neurons to analyze the role of TS2 L-type channels on the early phases of myelination. Twenty-four hours after transfection with plasmids encoding WT-Cav1.2 or TS2-Cav1.2 channels, OPCs were added to cortical neuron cultures prepared from the brains of mouse pups (Echeverria et al., 2005) . After 7 days in vitro, we analyzed the interaction of OPCs with neurites and the morphological maturation of these cells, as described previously (Cheli et al., 2015a) . Although in WT- 
| Abnormal postnatal myelination in the TS2 brain
To examine the effect of the Cav1.2 gain-of-function TS mutation in oligodendrocyte development and function in vivo, we analyzed myelin production as well as OPC maturation in the TS2 mice postnatally.
We first performed immunohistochemical experiments in the corpus callosum, cortex and striatum of TS2 mice to evaluate the expression of myelin proteins and the density of myelinated oligodendrocytes at different developmental time points. We found that the expression of myelin proteins (MBP and MOG) was significantly higher in the TS2 brains (Figures 7 and 8) . At P15 as well as at P30, TS2 animals showed an increased number of MBP and MOG positive fibers in the cingulate cortex, higher fluorescence intensity for these myelin proteins in the central area of the corpus callosum, and more myelinated tracts in the striatum (Figure 7a-c) . Similar results were observed in the corpus callosum, cortex and striatum of P60 TS2 animals (Figure 8a,b) . We also collected total protein from the corpus callosum and cerebellum of TS2 mice to evaluate the expression of myelin proteins by western blot (Figure 8c) . Consistent with the results described above, the expression levels of MBP, MOG, and CNP were higher in TS2 brains than in control samples at P60 (Figure 8c ).
We next used electron microscopy to evaluate the ultrastructure of axon and myelin integrity in the TS2 brains. The degree of myelination was analyzed in P30 mice by calculating the axon diameter, myelin thickness and mean g-ratio of myelinated axons, as described previously (Figure 9 ). In line with our previous results, a significant increase in the percentage of myelinated axons was found in the corpus callosum of TS2 animals (Figure 9a,d) .
G-ratios, a measure of myelin sheath thickness calculated as the ratio of axon diameter to myelinated fiber diameter, were also determined for TS2 mice and control littermates (Figure 9b,c,f ) . The mean g-ratio of myelinated axons from TS2 mice was significantly lower compared with controls, indicating that the myelin sheaths were thicker in TS2 mice (Figure 9c ). Plotting g-ratios against axonal diameters demonstrated that the myelin thickness was higher in axons of all sizes (Figure 9b ) and the distribution of g-ratio values clearly shows a shift to the left (lower values) (Figure 9f ) . Importantly, no axonal loss and/or degeneration, and no changes in the mean diameter of myelinated axons were found in the corpus callosum of TS2 mice (Figure 9e ).
These data indicate that myelination is increased in the brain of young TS2 mice, and suggest that our mouse model is a useful tool to explore the role of L-type Ca ++ channels in oligodendrocyte maturation. 
| DISCUSSION
We recently found that Cav1.2 loss of function alters myelination in the postnatal brain, and that Ca ++ influx facilitated by Cav1.2 is necessary for the development of oligodendroglial cells through the modulation of multiple cellular events, such as process extension and cell migration (Cheli et al., 2015a Paez et al., 2007 Paez et al., , 2009a Paez et al., , 2009b Paez et al., , 2010 . The goal of this work was to further determine the involvement of Cav1.2 channels in oligodendrocyte development and function in vivo, and to test whether Cav1.2 gain of function was sufficient to induce changes in oligodendrocyte maturation. To achieve this, we used a mouse model of Timothy syndrome (TS) in which the normal function of the Cav1.2 channel is altered by the TS2 point mutation (Bader et al., 2011) . Timothy syndrome is a multisystem disorder characterized by cardiac arrhythmias, syndactyly, hypoglycemia, and ASD. It is caused by a dominant mutation in an alternatively spliced exon of the CACNA1C gene, which encodes the α1 subunit Cav1.2 (Krey et al., 2013; Splawski et al., 2004) . The mutation that causes TS results in a glycine-for-arginine substitution at position 406 in the first of three intracellular loops in triggers OPCs morphological maturation and stimulates myelin protein expression in vitro. Conversely, blocking the expression of Cav1.2 channels with specific siRNAs prevents the morphological differentiation of primary OPCs (Cheli et al., 2015a) .
In this work, we have found that TS2 channels stimulate OPC (Waggener et al., 2013) . Furthermore, in vivo analysis of developmental myelination has demonstrated that CaMKII is involved in the regulation of myelin thickness (Waggener et al., 2013) . It has been proposed that activation of CaMKII serves to trigger a period of dramatic cytoskeleton reorganization following Ca ++ influx (McVicker, Millette, & Dent, 2015) . For example, profilin (Ryan et al., 2005) as well as cofilin (Xie et al., 2007) can be phosphorylated by CaMKII through independent pathways, being the net effect of both an enhancement of actin polymerization. Additionally, CaMKII has recently been shown to bind to microtubules near active synapses, indicating that CaMKII may play a role in the reorganization of both the actin and microtubule cytoskeleton during processes growth (Lemieux et al., 2012) . Since process elongation in OPCs is crucial for myelin protein synthesis and for the initial stages of myelination (Bercury & Macklin, 2015) , it is possible that the earlier morphological maturation of TS2 OPCs induced by an overactive L-type Ca ++ channel and the concomitant activation of CaMKII stimulate the synthesis of myelin proteins and the full differentiation of these cells.
| Increased myelination during the postnatal development of the TS2 brain
Brain imaging studies of autism developmental abnormalities often report an increased total brain volume (Hazlett et al., 2005) and early acceleration in brain growth (Nicolson & Szatmari, 2003) . Studies examining the differential contributions of gray and white matter to this abnormal growth in autistic patients have detected a significant increase in myelin production (Nicolson & Szatmari, 2003) . White matter excesses in autism have been interpreted in functional neuroanatomical terms as suggesting that brain connectivity may be impaired in regions showing volume excesses. The abnormally rapid growth of the brain overall, observed during early infancy, may be the result of an abnormal myelination process during childhood (Carmody & Lewis, 2010 , Gozzi et al., 2012 . As such, it is plausible that excesses in white matter may be attributable to an overproduction of myelin in infancy, an abnormality in myelin packing, or anomalies in the production or anatomical distribution of oligodendrocytes that produce myelin throughout the white matter.
Given the role of Cav1.2 in oligodendrocyte differentiation and myelination, the overproduction of myelin in the brain of autistic patients and the high penetrance of the Cav1.2 mutation in causing autism, we analyzed myelin production as well as oligodendrocyte maturation in the postnatal TS2 brain. We found that the expression of myelin proteins was significantly higher in TS2 brains at several postnatal time points. TS2 animals showed an increased number of MBP and MOG positive fibers in the cingulate cortex and in the central area of the corpus callosum, as well as more myelinated tracts in the striatum. These data were confirmed by western blot experiments for several myelin proteins performed with total protein lysates isolated from different brain regions. Immunohistochemical analysis for oligodendrocyte stage-specific markers exhibited a similar outcome with the TS2
line showing an increased number of myelinating oligodendrocytes in the corpus callosum, as well as in the cortex. Importantly, no changes in the density of immature oligodendrocytes and in the rate of OPC proliferation was found, suggesting that the overproduction of myelin in TS2
brains is not a consequence of an enlarged OPC population. In line with these results, the corpus callosum of TS2 animals presented a significant increase in the percentage of myelinated axons and a substantial decrease in the mean g-ratio of myelinated axons, suggesting that more myelin per internode is being made by TS2 oligodendrocytes.
L-type Ca ++ channels are also important mediators of neuronal function. Neuronal Cav1.2 channels trigger neurotransmitter release, generate dendritic Ca ++ spikes and induce activity-dependent gene regulation (Simms & Zamponi, 2014) . It was recently reported that Cav1.2 channels with the TS alteration cause activity-dependent dendrite retraction in rat and mouse neurons and in induced pluripotent stem cell-derived neurons from individuals with Timothy syndrome (Krey et al., 2013) . We thus cannot completely exclude the possible contribution of abnormal neuronal development in the observed myelination changes in TS2 brains. Our in vitro experiments, however,
show that perinatal OPCs isolated from the cortex of TS2 mice have increased L-type Ca ++ channel activity and mature earlier than control cells. Moreover, oligodendrocytes expressing TS2-Cav1.2 channels were better able to interact with wild-type cortical neurons in vitro as compared to control cells. As these experiments were performed in the absence of TS2 neurons, our data suggests that TS2 channels are affecting OPC development in a cell autonomous manner. We propose the general hypothesis that enhanced myelination, as well as increased oligodendrocyte differentiation, is a key event in the pathogenesis of TS. Consequently, our findings will significantly contribute to our understanding of the neuropathology of TS in particular and the role of L-type Ca ++ channels in brain development in general.
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